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Feast/famine regulatory proteins (FFRPs) com-
prise the largest group of archaeal transcription
factors. Crystal structures of an FFRP, DM1
from Pyrococcus, were determined in complex
with isoleucine, which increases the associa-
tion state of DM1 to form octamers, and with se-
lenomethionine, which decreases it to maintain
dimers under some conditions. Asp39 and Thr/
Ser at 69–71 were identified as being important
for interaction with the ligand main chain. By
analyzing residues surrounding the ligand side
chain, partner ligands were identified for vari-
ous FFRPs from Pyrococcus, e.g., lysine facili-
tates homo-octamerization of FL11, and argi-
nine facilitates hetero-octamerization of FL11
and DM1. Transcription of the fl11 gene and
lysine synthesis are regulated by shifting the
equilibrium between association states of FL11
and by shifting the equilibrium toward associa-
tion with DM1, in response to amino acid avail-
ability. With FFRPs also appearing in eubacte-
ria, the origin of such regulation can be traced
back to the common ancestor of all extant or-
ganisms, serving as a prototype of transcription
regulations, now highly diverged.
INTRODUCTION
Although mechanisms of regulating transcription in eu-
bacteria and eukaryotes are known in some detail, our
knowledge about transcription regulation inside archaea
is limited. However, the largest family of archaeal tran-
scription factors is known to be composed of paralogs
of Escherichia coli leucine-responsive regulatory proteinStructure 15, 1325–1(Lrp) (see reviews, Yokoyama et al., 2006; Suzuki, 2003).
In order to summarize the global regulation of E. coli
metabolism by Lrp, the term feast/famine regulation was
introduced by Calvo and Matthews (1994). For this reason,
Lrp and its paralogs are referred to as the feast/famine
regulatory proteins (FFRPs) in this paper.
E. coli senses rich nutrition based on the concentration
of leucine. An E. coli transcription factor, Lrp, changes its
association state depending on the lysine concentration
(Chen and Calvo, 2002) to activate or repress transcription
of a number of genes (Calvo and Matthews, 1994). The hy-
perthermophilic archaeon Pyrococcus sp. OT3 (Japan
Collection of Microorganisms, ID 9974), which grows on
polypeptides (Gonza´lez et al., 1998), has 14 FFRPs (Koike
et al., 2003). As will be described in this paper, many of
these FFRPs shift between their association states by
sensing the concentrations of amino acids, thereby
changing the metabolism of this organism.
We have reported crystallization of DM1 (pot1216151)
from Pyrococcus OT3 (Kudo et al., 2001) and its overall
folding (Yokoyama et al., 2006; Koike et al., 2003, 2004):
see http://www.aist.go.jp/RIODB/archaic/ARCHAIC.html
for the identification of proteins and genes. In this paper,
we report detailed crystal structures of DM1 in complex
with isoleucine and selenomethionine. Isoleucine in-
creases the association state of DM1 to form octamers,
whereas selenomethionine decreases it to maintain di-
mers under some conditions. By analyzing and comparing
the two sets of interactions, partner ligands of many other
FFRPs are predicted and confirmed, thereby establishing
a general frame for understanding FFRP-ligand interac-
tions.
The 3D structures of several FFRPs have been deter-
mined: LrpA (Leonard et al., 2001) from Pyrococcus furio-
sus and FL11 (pot0434017) from Pyrococcus OT3 (Koike
et al., 2004) in the archaea domain; and Lrp (de los Rios
and Perona, 2007) and AsnC (Thaw et al., 2006) from
E. coli, LrpC from Bacillus subtilis (Thaw et al., 2006),
TTHA0845 from Thermus thermophilus (Nakano et al.,338, October 2007 ª2007 Elsevier Ltd All rights reserved 1325
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FFRP-Ligand Interaction2006), and NMB0572 from Neisseria meningtidis (Ren
et al., 2007) in the eubacteria domain. Asparagine was in-
corporated into the AsnC crystal, although this amino acid
does not affect the association state of the protein (Thaw
et al., 2006). Leucine and methionine were incorporated
into the NMB0572 crystals, which appear to stabilize octa-
merization by the protein (Ren et al., 2007).
New DM1 structures have advantages not seen in the
previously determined structures. These advantages
include the presence of a full set of four residues, one
Asp and three Thr/Ser residues, that approach the ligand
backbone and are important for predicting FFRPs whose
ligands are amino acids, and the presence of salt bridges
that close the ligand-binding pocket and are important for
understanding the dissociation process of FFRPs. In light
of the general frame described in this paper, the previously
determined structures were reanalyzed.
We have classified FFRPs into two subgroups (Suzuki
et al., 2003; Suzuki, 2003; Koike et al., 2004; Yokoyama
et al., 2006). Monomers of full-length FFRPs such as
Lrp, AsnC, LrpA, LrpC, and FL11 have two domains: the
N-terminal halves bind to DNA, and the C-terminal halves
assemble with each other, first as dimers and then as
higher-order structures. Demi-FFRPs such as archaeal
DM1 and eubacterial TTHA0845 have single domains
only, corresponding to the C-terminal halves of full-length
FFRPs. Using genomic sequences, demi-FFRPs have
been identified for various archaea, such as Aeropyrum
pernix, and for eubateria, such as Aquifex aeolicus (Koike
et al., 2003; Suzuki et al., 2003). They are also referred to
as ‘‘stand-alone RAM-domain proteins’’ (Agapay et al.,
2005, Nakano et al., 2006). Before the current work, the
function of demi-FFRPs was unclear, although we dis-
cussed the possibility of demi-FFRPs interacting with
full-length FFRPs (Yokoyama et al., 2006; Suzuki, 2003).
In this paper, to our knowledge, the first example of such
an interaction is described.
RESULTS
Interfaces Formed between DM1 Dimers
In the original crystal form, DM1 was already in complex
with a ligand that was most likely a contaminant from
E. coli cells used to produce the protein. In order to deter-
mine this structure, the method of multiple isomorphous
replacement was applied, by using Au and Pt derivatives
(Table 1). Selenomethionine was also soaked into crystals,
thereby replacing the E. coli ligand, and anomalous scat-
tering was recorded. When the two complex forms were
determined (Table 1), the E. coli ligand was identified as
isoleucine. In solution, in the presence of isoleucine, the
equilibrium between association states of DM1 shifts
toward octamers, as will be described in subsequent
sections of this paper.
In the two complexes, disks with a diameter of 60 A˚
and a thickness of40 A˚ (Figures 1A and 1B) were formed
by assembling four DM1 dimers from two asymmetric
units. With each monomer being composed of two a heli-
ces and four b strands (Figure 2A), eight b strands in two1326 Structure 15, 1325–1338, October 2007 ª2007 Elseviermonomers were combined into a single b sheet, showing
that the structural unit is a dimer (Figures 1A and 1B). The
interface formed between DM1 dimers, e.g., interface I
formed between dimers A and B (Figure 1A), was divided
into northern and southern halves (IN and IS in Figure 1B)
and was related by pseudo two-fold symmetry. In each
half, e.g., IN, b4 and a2 of monomer B2 approached
the C terminus of monomer A2, and, in monomer A1, the
edge of a1 and a loop between b2 and b3. In two of the
four interfaces, I and III, two molecules each of isoleucine
or selenomethionine were positioned, leaving the other
interfaces, II and IV, unoccupied (Figure 1A).
Interactions of DM1 with Isoleucine
and Selenomethionine
In both complexes at each ligand-binding site, e.g., IN, the
OA atom at the carboxyl terminus of the ligand accepted
hydrogen bonds from the side chain OH groups of Thr69
and Thr71 in monomer B2 (Figure 3A). Here, the identifica-
tions were made by using the HBPLUS program (McDo-
nald and Thornton, 1994). The side chain OH of Ser70
was also close to OB, although the distance was 25%
larger than a criterion of 3.9 A˚. The NH3
+ terminus of the
ligand and the side chain of Asp39 in monomer A1 formed
an ionic interaction (Figure 3A), which was identified by the
method of Barlow and Thornton (1983) with a criterion of
4.0 A˚.
The side chain of each isoleucine was stably buried in-
side a hydrophobic pocket formed by Val33 and Tyr35 in
A1; Ile75 in A2; and Ile56, Thr57, and Thr71 in B2 (Figure 3A,
see the labels in Figure 3B); the closest C atoms in the side
chains of the isoleucines were within 5 A˚ of C atoms in the
ligand side chain. The pocket was closed by ionic inter-
actions between Arg61 of B2 and Glu15 and Asp39 of A1
(Figure 3B), preventing the longer side chain of selenome-
thionine from stretching.
As has been noted for NMB0572 (Ren et al., 2007), the
conformation adopted by Gly36 was unusual for other
types of residues. With Gly36 adopting this conformation,
two hydrogen bonds, one from the main chain NH of Gly36
to OB of the ligand COO
 and the other from the ligand
NH3
+ to the main chain CO of Gly36, were simultaneously
formed (Figure 3A, red arrows).
Effects of Amino Acids on the Association
State of DM1
In solution, four association states of DM1 were observed
by size-exclusion HPLC (Figure 4B). By measuring multi-
angle light scattering (MALS) from the assemblies flow-
ing, molecular weights (MWs) were determined to be
105 kDa, 69 kDa, 33 kDa, and 19 kDa. The MW of
the DM1 monomer is 8.6 kDa. The observed MWs of the
three smaller assemblies are consistent with the formation
of dimers (MW of 17.2 kDa), tetramers (34.4 kDa), and oc-
tamers (68.8 kDa). Although the MW of the largest assem-
bly is consistent with the formation of dodecamers (103.2
kDa), hexadecamers and octamers are formed by E. coli
Lrp (Chen and Calvo, 2002); thus, this peak might repre-
sent hexadecamers in equilibrium with octamers (SakumaLtd All rights reserved
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FFRP-Ligand InteractionTable 1. Parameters Deduced for Structure Determination of DM1
Conventional
Original Au Derivative Pt Derivative
Synchrotron
Original Selenomethionine
Data Collection and Phasing
Temperature
Room
Temperature
Room
Temperature
Room
Temperature 100K 100K
Wavelength (A˚) 1.54 1.54 1.54 0.834 0.97925
Space group P3221 P3221 P3221 P3221 P3221
a = b/c (A˚) 96.9/98.5 96.8/98.4 96.8/98.4 96.3/95.8 95.8/95.3
Resolution (A˚) 2.3 2.5 2.5 1.95 2.5
Resolutiona (A˚) 2.4–2.3 2.6–2.5 2.6–2.5 2.02–1.95 2.64–2.50
Rmerge 7.5 8.7 5.3 6.2 9.2
Rmerge
a 19.2 15.5 13.9 9.5 29.9
Completeness 96.1% 94.1% 94.1% 92.3% 100%
Completenessa 90.9% 95.0% 95.5% 83.6% 99.9%
I/s(I) 11.2 10.1 9.6 18.5 7.3
I/s(I)a 3.0 3.3 3.3 5.6 2.5
Multiplicity 6.2 2.9 2.3 4.0 5.6
Multiplicitya 2.1 2.0 2.0 3.5 5.5
Phasing power
Centric/acentric 0.84/0.78 0.69/0.92
Rcullis 0.7 0.7
Figure of merit 0.43
Refinement
Rcryst/Rfree 18.9/21.6 19.0/22.9
Number of reflections used for calculating Rcryst 35,542 32,078
Number of reflections used for calculating Rfree 3,543 1,740
Rms deviation from ideality
Bond length 0.008 A˚ 0.007 A˚
Bond angle 1.40 1.38
Dihedral angle 24.5 24.4
Deviation from planality 0.8 0.8
Ramachandran plot
Most favored 97.8% 96.4%
Allowed 2.2% 3.6%
Average B factor
Main chain 27.08 13.34
Side chain 33.13 17.90
Solvent 35.91 25.65
Ligand 23.78 24.46
a Values calculated for the last shell.et al., 2005). In fraction A, one of the two fractions sepa-
rated by hydrophobic chromatography (see Experimental
Procedures), and one that was used for crystallization, oc-
tamers were predominant (Figure 4A). In fraction D, dimersStructure 15, 1325–1and tetramers were the major components, although the
ratio of the assemblies depended on individual fraction-
ation: Figure 4B shows a typical fraction D, while Figure 4C
shows another, in which octamers were more abundant.338, October 2007 ª2007 Elsevier Ltd All rights reserved 1327
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FFRP-Ligand InteractionFigure 1. Crystal Structure of the
DM1-Isoleucine Complex, and Modeled
Structures of the FL11-DM1 Hetero-
Octamer and the FL11 Homo-Octamer
(A and B) (A) Top and (B) side views of the DM1-
isoleucine crystal complex. (A) Dimers related
by two-fold symmetry are represented in the
same colors. Interface I formed between di-
mers A and B in (A) is divided into two halves,
IN and IS, in (B). An isoleucine molecule binds
to each half. Throughout this paper, the
MOLMOL program (Koradi et al., 1996) was
used for presenting 3D structures.
(C and D) (C) Two copies each of the crystal
structures of the DM1 dimer (crimson, this
study) and the FL11 dimer (cyan, PDB code:
1RI7) modeled to assemble with two-fold sym-
metry, and (D) four copies of the FL11 dimer
modeled to assemble with four-fold symmetry.
The scale is different from that of (A) and (B).In the presence of isoleucine, the profile of D approached
that of A (Figures 4B and 4C). Together with the densities
of isoleucine identified in the crystal (Figures 3A and 3F),
these observations suggest that isoleucine was removed
more thoroughly from fraction D.
Isoleucine stabilized octamerization of DM1 in fractions
A and D (Figures 4A and 4B). Stabilization was observed
not only when the column was equilibrated with a buffer
containing this amino acid (Figure 4B), but also when the
column was equilibrated with a buffer containing no iso-
leucine and DM1 was injected with the amino acid onto
the column (Figure 4C). The effects of valine were similar
to those of isoleucine when valine was present in the
buffer (Figures 4A and 4B). When valine was absent from
the buffer, injection of fraction D with valine shifted equilib-
rium toward tetramers from dimers (Figure 4C).
Amino acids with larger side chains, such as arginine,
leucine, and methionine, accelerated the association be-
tween DM1 when present in the buffer (Figures 4A and
4B). However, when one of these amino acids was coin-
jected with DM1 onto a column equilibrated with a buffer
containing no amino acid, the association state of DM1
was decreased to the dimeric mode (Figure 4C). The
process of association and dissociation appears to be
dynamic. If the side chain of methionine fully stretches,
the salt bridges formed between dimers will be broken
(Figure 3B). Only if the ligand is present in the buffer will
dimers reassociate with each other to hold the ligand in
between.
When phenylalnine was present in the buffer, the asso-
ciation state of DM1 was increased only to the tetrameric1328 Structure 15, 1325–1338, October 2007 ª2007 Elsevier Lmode (Figure 4B), although DM1 octamers formed in frac-
tion A were maintained in the presence of phenylalnine
(Figure 4A). In this way, depending on their effects on
DM1, amino acids are ordered, from those that increase
the association state the most to those that increase it
the least, as isoleucine, valine, arginine/leucine/methio-
nine, and phenylalnine. No significant effect was observed
with lysine (Figures 4A–4C). No essential difference was
observed between methionine and selenomethionine.
When trying to explain the observed effects of arginine
(Figures 4A–4C), we noticed that, at the C terminus of
monomer A2, the carboxyl group of Ile75 could rotate to
replace its side chain, thereby approaching the two Nh
atoms of arginine (Figure 3C). In such a model, made by
using the comparative method (Sali and Blundell, 1993),
Glu15 formed an ionic interaction with N3 of the ligand
by weakening its interactions with Arg61.
Identification of Partner Amino Acids for FFRPs
Many FFRPs have Asp at position 39 and Thr or Ser at
either position 69, 70, or 71: here, the unified numbering
scheme in Figure 2A is used. One such FFRP, FL11
(pot0434017) fromPyrococcusOT3, has Glu33 and Asp57,
which are predicted to interact with the ligand side chain
(Figure 2B), suggesting that the ligand can be lysine or
arginine. In the presence of lysine, the observed MW of
FL11 reached 160 kDa, illustrating the formation of oc-
tamers (Figure 4G; Figure 1D for a model). The MW of
the FL11 monomer is 19.1 kDa. Although arginine and glu-
tamine increased the association state of FL11 to form tet-
ramers, even in their presence, at 100 mM, FL11 did nottd All rights reserved
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FFRP-Ligand InteractionFigure 2. Amino Acid Sequences of DM1 and Related FFRPs in Their Assembly Domains
(A) Positions forming a helices 1–2 and b strands 1–4 in DM1 are boxed. The 3.6 phases of a1 and a2, where hydrophobic residues are frequent, are
indicated by asterisks above the boxes. Asp, found at position 39, and Thr/Ser, at position 69 or 71, are highlighted in red; Asn at position 39 and Thr/
Ser at position 70 are highlighted in pink. IDs of FFRPs from Pyrococcus OT3 are highlighted in blue. AsnC1–3: AsnC from E. coli (1), Vibrio parahae-
molyticus and Vibrio vulnificus (2), and Pasteurella multocidasir (3).
(B) Residues of FFRPs found at the positions at which DM1 interacts with the ligand side chain, with effects of interactions being association of FFRP
dimers with each other (a) or dissociation from each other (d), confirmed by physicochemical experiments. Those not confirmed are indicated as
‘‘N.C.’’ Residues occupying positions 15, 61, and 39, observed with DM1 or predicted for others as interacting with each other, are highlighted in
bold face and italics. Some other polar residues predicted to interact with ligand side chains are shown in bold face (see text). Residues predicted
to form two different halves at the interface between DM1 and FL11 are circled in blue and red, respectively. IDs of FFRPs from Pyrococcus OT3, e.g.,
FL11, are highlighted in blue.Structure 15, 1325–1338, October 2007 ª2007 Elsevier Ltd All rights reserved 1329
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FFRP-Ligand InteractionFigure 3. Interactions of FFRPs and
Partner Ligands Observed or Modeled,
and the Electron Densities of Ligands,
Isoleucine, and Selenomethionine in
Crystal Complex with DM1
(A and B) (A) Contacts observed as made to the
isoleucine main chain, and (B) residues ob-
served as surrounding the selenomethionine
side chain in the crystal complexes with DM1.
Regions shown here roughly correspond to
the box in Figure 1B. Colors are used for differ-
entiating three monomers. Ionic interactions
are indicated by broken lines. Hydrogen bonds
are specified with arrows indicating the donor-
to-accepter directions. Capital letters, e.g., T,
indicate that bonds are made with the side
chains of the residues; lowercase letters, e.g.,
t, indicate that bonds are made with their
main chains. Two hydrogen bonds formed
with Gly36 are shown in red.
(C–E) Interactions modeled by using the MOD-
ELER program (Sali and Blundell, 1993) for ar-
ginine binding between (C) two DM1 dimers or
between (D) DM1 (cyan or green) and FL11
(crimson), and for (E) lysine binding between
two FL11 dimers. Ionic interactions are indi-
cated by broken lines.
(F and G) Electron densities not assigned to
DM1 in the (F) original form crystal and in the
(G) selenomethionine derivative, fitted with iso-
leucine and selenomethionine, respectively. In
(G), the density of Se, identified by using its
anomalous scattering, is shown in red.form octamers. Using the comparative method (Sali and
Blundell, 1993), ionic interactions were modeled between
Nz of lysine and Glu33 and Asp57 of FL11 (Figure 3E). The
rest of the ligand side chain was in hydrophobic contacts
with residues such as Leu56 and Leu75. Asp39, Thr69,
and Thr71 contacted the ligand main chain in essentially
the same way as in DM1.
In another FFRP, FL4 (pot1613368) from Pyrococcus
OT3, Arg33, Arg15, and Glu57 are found (Figure 2B), sug-
gesting that the ligand also might be polar. In the presence
of glutamic acid, FL4 formed octamers (Figure 4H). An-
other FFRP, DM3 (pot0175330), has many hydrophobic
residues predicted to form the ligand-binding pocket (Fig-
ure 2B). DM3 formed tetramers in the presence of leucine
and octamers in the presence of phenylalnine, valine,
methionine, or isoleucine (Figure 4I).
In this way, the types of ligands and their effects were
identified for FL4, FL5, FL11, DM1, DM2 (pot0300646),
and DM3 from Pyrococcus OT3 and for TvFL3
(tvg117949) and TvDM (tvg0307586) from the archaeon
Thermoplasma volcanium (Figure 2B).1330 Structure 15, 1325–1338, October 2007 ª2007 Elsevier LAssociation of DM1 with FL11 in the Presence
of Arginine
Arginine affects the association state of DM1 as well as
that of FL11. When an increased concentration of FL11
was added to DM1 in the presence of 2 mM arginine,
the profile of size-exclusion HPLC changed, creating a
new peak (Figure 4D). The MW of this assembly was deter-
mined, by using MALS, to be111 kDa. When the sums of
independently measured profiles of DM1 and FL11 were
subtracted (Figure 4E), increases in the new peak coin-
cided with decreases in the original peaks of DM1 and
FL11.
Fractions separated by size-exclusion HPLC (Figure 5A)
were applied to SDS polyacrylamide gel electrophoresis,
confirming the presence of FL11 and DM1 in the assembly
of111 kDa (fractions in lanes 2–5 in Figure 5). When FL11
was coinjected with DM1 (Figure 5C), bands of FL11 were
identified in fractions in lanes 2–5, whereas FL11 was ab-
sent from these fractions when FL11 alone was injected
(Figure 5B). FL11 was identified in fractions in lanes 6–9
in the presence and absence of DM1. Consistently,td All rights reserved
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FFRP-Ligand InteractionFigure 4. Effects of Ligands on the Asso-
ciation State of FFRPs, Characterized by
Using Size-Exclusion HPLC in Combina-
tion with MALS
(A–C) DM1, (A) 10 mg from fraction A or (B and
C) 30 mg from fraction D, in 20 ml was injected
with the indicated amino acids, 2 mM, onto
PROTEIN KW802.5 equilibrated with (A)
50 mM Tris-HCl buffer (pH 7.5) containing
750 mM KCl, 10 mM MgCl2, and 2 mM amino
acids; (B) 50 mM Tris-HCl buffer (pH 7.0) con-
taining 200 mM NaCl and 2 mM amino acids;
or the (C) same buffer containing no amino
acid. Throughout this figure, assembly states,
e.g., 2 for dimers, identified by using MALS
are indicated for peaks.
(D–F) DM1, 30 mg from fraction D, was injected
with FL11, in (F) 60 mg in 20 ml, yielding the mo-
lar ratio of 1(DM1):0.9(FL11), or in (D and E)
varying concentrations in 20 ml to yield the indi-
cated molar ratios, onto Asahipak GS-520HQ
equilibrated with 50 mM Tris-HCl buffer (pH
7.0) containing 200 mM NaCl and (D and E) ar-
ginine or the (F) indicated amino acids (2 mM).
(D) shows the original profiles, while (E) and (F)
show profiles after the sums of independent
profiles of DM1 and FL11 were subtracted. In
(E), a red arrow indicates formation of small
peaks, reflecting formation of smaller hetero-
assemblies (see text).
(G–I) (G) FL11, (H) FL4, or (I) DM3, 10 mg in 20 ml,
was injected onto Asahipak GS-520HQ equili-
brated with (G) 50 mM Tris-HCl buffer (pH
7.0) containing 200 mM KCl and 0–20 mM ly-
sine, (H) 50 mM potassium phosphate buffer
(pH 6.8) containing 500 mM NaCl and 0 or
15 mM glutamic acid, or (I) 50 mM sodium
phosphate buffer (pH 8.0) containing 300 mM
NaCl and the indicated amino acids (10 mM).fractions containing high concentrations of DM1 were
slightly shifted from lanes 2–5 (Figure 5D), when DM1
was injected independently, to lanes 2–4 (Figure 5C),
when DM1 and FL11 were coinjected. In addition to bands
corresponding to the MW of DM1 (‘‘DM1’’ in Figure 5),
another type of band (‘‘dm1’’ in Figure 5) was created,
possibly by DM1 molecules linked with each other. The in-
tensities of dm1 bands varied between gels and lanes,
suggesting that linking takes place during gel electro-
phoresis.
The observed MW of the heteroassembly is explained in
terms of two DM1 dimers and two FL11 dimers forming
a hetero-octamer of 110.6 kDa. Unlike octamerization of
single FFRPs, the two halves, IN and IS, of the FL11-DM1
interface are different (Figure 2B, in which two sets of
residues forming the halves are circled in red and blue,
respectively). When potential contacts to arginine were
modeled, the half formed by the red group produced bet-
ter interactions with arginine (Figure 3D), producing con-
tacts between N3 and Glu15 of DM1, between the twoStructure 15, 1325–1Nh atoms and COO of Ile75 of DM1, and between one
Nh and the N3 atom and Asp57 of FL11.
Between the original peaks of DM1 and FL11, a small
peak was identified upon coinjection (Figure 4E, indicated
by a red arrow), possibly reflecting the formation of smaller
heteroassemblies, e.g., the FL11 tetramer associating
with the DM1 dimer. Consistent with this idea, the concen-
tration of FL11 did not decrease from the fraction in lane 4
to that in lane 5 (Figure 5C), suggesting multiple distri-
butions of assemblies. Here, fractions in lanes 5 and 6
covered the smaller peak. Association of FL11 and DM1
was stabilized to smaller degrees in the presence of valine,
leucine, isoleucine, or methionine (Figure 4F). Not much
difference was observed in the presence and absence of
lysine.
Characterization of Homo- and Heteroassemblies
by Using Their Footprints on Promoters
Footprints of FL11 were generated on promoter DNAs by
locating its prevention of cleavage by micrococcal DNase.338, October 2007 ª2007 Elsevier Ltd All rights reserved 1331
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FFRP-Ligand InteractionFigure 5. Gel Electrophoresis of Fractions in Lanes 1–9
Separated by Size-Exclusion HPLC while Injecting FL11 and
DM1 Independently or Simultaneously
(A–D) DM1, 66 mg from fraction D, and FL11, 177 mg, in 20 ml were (B
and D) injected independently or (C) simultaneously onto (A) Asahipak
GS-520HQ equilibrated with 50 mM Tris-HCl buffer (pH 7.0) containing
200 mM NaCl and 2 mM arginine. The molar ratio was 1(DM1):1.2
(FL11). Fractions in lanes 1–9, 15 ml each, were subjected to SDS gel
electrophoresis by using 12% polyacrylamide gels, and stained with
silver by using a kit (Daiichi). Migration of FL11, DM1, and molecular
weight markers (MWM) is also shown. ‘‘dm1’’ indicates bands created
by linking between DM1 molecules during gel electrophoresis (see
text).1332 Structure 15, 1325–1338, October 2007 ª2007 Elsevier LtIn the absence of lysine, two sites in the fl11 promoter
(Figure 6A, lane 2) and three sites in the promoter of the ly-
sine-synthesis operon (Figure 6B, lane 3) were protected.
The ideal binding sequence of the FL11 dimer is TGAAAW
WWTTTCA (Yokoyama et al., 2005), where W is T or A.
When the number of base pairs (bp) matching this se-
quence was plotted for every 13 bp in the promoters (Fig-
ures 6C and 6D), sites bound by FL11 scored 9 matches or
higher. In the lysine-synthesis promoter (Figure 6D), an-
other site of 10 matches appears to be positioned 10 bp
downstream of a real binding site of 11 matches; however,
in fact, the two sites overlap with each other.
In the presence of lysine, the gaps between the dimer-
binding sites in the lysine-synthesis promoter were fully
protected (Figure 6B, lane 4), suggesting the formation
of the FL11 octamer. The footprint extended upstream to-
ward the boundary where the susceptibility to cleavage
was enhanced (Figure 6B, indicated by a red bar), cover-
ing 105 bp (Figure 6D, indicated by a long bar). Similarly,
in the presence of lysine, 105 bp in the fl11 promoter
were protected (Figure 6A, lane 3; Figure 6C) between
hypersusceptible sites (Figure 6A, red bars).
In the presence of lysine, further addition of arginine or
DM1 did not much affect footprints (compare lanes 3
and 7 in Figure 6A and lanes 4 and 8 in Figure 6B). In the
absence of lysine, when arginine and DM1 were present,
regions similar to those protected in the presence of lysine
were protected (compare lane 6 with lanes 5 and 7 in
Figure 6A, compare lane 7 with lanes 6 and 8 in Figure 6B).
At a finer resolution, the two types of footprints were not
completely the same. In particular, the center of the two
best dimer-binding sites in the lysine-synthesis promoter
was less protected in the presence of arginine and DM1
(Figure 6B, lane 7, indicated by a red, broken line). An
FL11-DM1 hetero-octamer will have only two pairs of
DNA-binding domains (Figure 1C), and it will be unable
to contact the third dimer-binding site. Similar absence
of protection was observed at the center of the fl11 pro-
moter, but to a smaller degree (Figure 6A, lane 6, indicated
by a red, broken line). A third specific dimer-binding site
is absent from the fl11 promoter (Figure 6C), possibly
decreasing the difference between the two footprints.
We believe that these observations are consistent with
hetero-octamerization by FL11 and DM1, essentially as
shown in Figure 1C.
Changes in the Dimer Interface upon Interaction
with Amino Acids
In the DM1 crystals in interface I or III, where a pair of
amino acids bind, the two halves were closely symmetric
(Figure 7A). At the center of each interface a hydrophobic
core was formed by a pair of Leu49, Ile73, and Val2. In-
teractions continued outward between Tyr35 of B1 or A1
and Thr71, Leu52, and Ile56 of A2 or B2, many of which
contacted the ligand at the same time, and ended with
salt bridges between Arg61 of A2 or B2 and Asp39 and
Glu15 of B1 or A1. In interface II or IV, a similar hydrophobic
core was formed, but the two dimers were shifted and
rotated relative to each other (Figure 7B, indicated byd All rights reserved
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FFRP-Ligand InteractionFigure 6. Footprints Generated on fl11
and Lysine-Synthesis Promoters in the
Presence or Absence of FL11, DM1
from Fraction D, Lysine or Arginine, and
Their Interpretation
(A and B) Footprints generated on (A) fl11 and
(B) lysine-synthesis promoters. On the left, 13
bp sites bound by FL11 dimers are indicated
by bars with scores in (C) and (D), respectively.
Hypersusceptible sites, where cleavage was
enhanced in the presence of lysine, are marked
with red bars on the left. Regions less pro-
tected in the presence of arginine and DM1
than in the presence of lysine are marked
with red, broken lines on the right. The concen-
tration of lysine or arginine was 0.6 mM, when
present in (A), and 0.3 mM in (B). The concen-
tration of FL11 was 96 pmol (+) or 384 pmol
(++)/200 ml, and that of DM1 from fraction D
was 480 pmol/200 ml.
(C and D) Number of base pairs matching
TGAAAWWWTTTCA plotted at the 7th base
pair of each 13 bp in (C) fl11 and (D) lysine-syn-
thesis promoters. For peaks, the correspond-
ing 13 bp are indicated by bars with nucleotide
sequences. TATA boxes are indicated by red
bars. Regions protected by FL11 in the pres-
ence of lysine are indicated by long bars at
the top. An empirical threshold of score 9 is in-
dicated by red lines. In (C), the position of T in
the GTG start codon is indicated by a green
line.
(E) In the presence of lysine, the FL11 octamer
covers the promoters (left). In the absence of
lysine, when arginine and DM1 are present
(middle), FL11 and DM1 form a hetero-
octamer. Its binding to the fl11 promoter is as
strong as that of the FL11 homo-octamer; the
two best dimer-binding sites are bound by
the two FL11 dimers in the hetero-octamer.
Binding of the hetero-octamer to the lysine-
synthesis promoter is weaker; the third dimer-
binding site is uncontacted. In the absence of
lysine, when arginine or DM1 is absent (right),
independent binding of FL11 dimers becomes
the weakest.arrows), thereby differentiating details of the Glu15-Arg61-
Asp39 salt bridges at the ends.
When an octamer was modeled by combining four DM1
dimers while keeping the I/III-type interfaces, the fourth di-
mer was shifted from the first dimer, but this shift was tooStructure 15, 1325–13small to complete a right-handed helical turn (Figure 4A, ar-
rows indicate directions toward the neighboring interfaces).
One way to close the octamer is to move the dimers by us-
ing higher flexibility at interfaces II and IV (Figure 7B),
thereby compensating for the helicity. This observation38, October 2007 ª2007 Elsevier Ltd All rights reserved 1333
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FFRP-Ligand InteractionFigure 7. Two Types of Interfaces
Formed between DM1 Dimers in the
Crystal Complex with Isoleucine
(A and B) Two isoleucine molecules are binding
in (A) interface I or III, but they are absent from
(B) interface II or IV. A hydrophobic core
formed at the center by residues labeled in
red extends outward to interactions between
residues labeled in black, followed by ionic
interactions (broken lines) between residues
labeled in green at the ends. Relative shift
and rotation of dimers from (A) to (B) are indi-
cated by arrows in (B); crimson dimers are
kept in similar orientations. In (A), arrows indi-
cate the direction toward the neighboring inter-
faces. The north-(N)-to-south (S) orientation is
indicated.can explain why not all of the eight potential ligand-binding
sites were filled with amino acids in the crystals.
DISCUSSION
Regulation of Metabolism by Combining FFRPs
The archaeon Pyrococcus OT3 grows almost exclusively
on polypeptides at the boiling point of water at a hy-
drothermal vent in the Okinawa Trough (Gonza´lez et al.,
1998), where polypeptides from debris of marine organ-
isms fall from the sea above. While 20 types of amino
acids are present in polypeptides, DM1, DM3, and FL5
interact with various hydrophobic amino acids: FL11 in-
teracts with lysine, FL4 interacts with glutamic acid, and
DM2 interacts with glutamine (Figure 2B). In addition,
FL8 and FL9 are predicted to interact with amino acids
(Figure 2A). Amino acids affecting heteroassociation of
FFRPs can differ from the primary ligands acting on indi-
vidual FFRPs, further increasing the types of amino acids
interacting with FFRPs inside Pyrococcus OT3, e.g., argi-
nine. Levels of these amino acids, in combination with the
concentrations of FFRPs, will determine types of homo-
and heteroassemblies formed, thereby shifting the meta-
bolic state.
FL11, by sensing the lysine concentration, regulates as
many as 20% of all transcription units coded in the ge-
nome that are involved in synthesis of ATP and other bio-
chemical components upon amino acid degradation (K.Y.
et al., unpublished data). By binding on top or downstream
of TATA boxes, FL11 functions as a repressor, thereby
shifting the metabolic mode from ‘‘feast’’ to ‘‘famine.’’ In
the ‘‘feast’’ mode, transcription of the fl11 gene needs to
be terminated for derepression of transcription (K.Y.
et al., unpublished data). This genome-wide regulation is
comparable only to the feast/famine regulation in E. coli1334 Structure 15, 1325–1338, October 2007 ª2007 Elsevier Ltcarried out by Lrp by sensing the concentration of leucine
(Calvo and Matthews, 1994).
What would happen if the concentration of lysine was
low, but those of 19 other amino acids were substantial?
Inappropriate shifting to the ‘‘famine’’ mode would cause
cessation of growth, thereby putting the cell at a serious
competitive disadvantage. By sensing the concentration
of a second indicator, arginine, FL11-DM1 hetero-
octamers are formed in order to maintain repression of
transcription of the fl11 gene. Although FL11-DM1 also
binds to the lysine-synthesis promoter in the presence of
arginine, as has been shown by the weaker protection
from cleavage by DNase (Figure 6B), from around the un-
contacted third dimer-binding site, transcription factor B
and TATA-binding protein might enter, thereby activating
the synthesis of lysine. In this way, a demi-FFRP can mod-
ulate transcription regulation through its interaction with
a full-length FFRP.
Characteristics of a Code for Discriminating
between Ligand Amino Acids
All FFRPs so far identified as interacting with amino acids
(Figure 2B) have Asp at position 39 and Thr/Ser at position
69, 70, or 71 (listed above AsnC2 in Figure 2A): in archaea,
LysM interacts with lysine (Brinkman et al., 2002); in eu-
bacteria, Lrp interacts with leucine (Marasco et al., 1994,
Chen and Calvo, 2002), PutR interacts with proline (Jafri
et al., 1999), BkdR interacts with valine, isoleucine, and
leucine (Madhusudhan et al., 1999), MdeR potentially in-
teracts with methionine (Inoue et al., 1997), Grp potentially
interacts with glutamic acid (Peekhaus et al., 1995), and
NMB0572 interacts with leucine and methionine (Ren
et al., 2007). Thus, the presence of Asp39 and Thr/Ser at
one of positions 69–71 indicates that the FFRP will interact
with an amino acid.d All rights reserved
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FFRP-Ligand InteractionFigure 8. Interactions Observed or Pre-
dicted between FFRPs and Amino Acids
(A–D) Interactions observed between (A) E. coli
AsnC and asparagine, NMB0572 and (C) me-
thionine or (D) leucine, and those (B) modeled
between Vibrio AsnC and asparagine using
the MODELER program (Sali and Blundell,
1993) with the (A) crystal structure as a tem-
plate. Hydrogen bonds and an ionic interaction
are indicated in the same way as in Figure 3,
except for a network of hydrogen bonds
formed between three side chains, colored
light blue in (B). In (B), the Asn39 side chain ac-
cepts two hydrogen bonds from the main chain
(black) and the side chain (light blue) of the
ligand asparagine.Types of amino acids acting as ligands can be explained
by residues found at positions 15, 33, 35, 56, 57, 71, and
75. FFRPs interacting with lysine, i.e., FL11, LysM, and
TvFL3, all have Glu33 and Asp57 (Figure 2B). DM2 has
Asp57, but it has Arg33 instead of Glu (Figure 2B), thereby
changing the partner ligand to glutamine. FL4, interacting
with glutamic acid, and Grp, potentially doing so, have
Arg33, in addition to Arg15 or Lys57 (Figure 2B).
Leucine decreases the dissociation state of Lrp from
hexadecamers to octamers (Chen and Calvo, 2002).
Platko and Calvo (1993) identified seven positions of Lrp,
where mutations affected the response to leucine. Of
these, Leu33 and Leu61 will contact the side chain of
leucine, as has been noted by Thaw et al. (2006). Asp39
will contact the ligand N terminus. Met49 and Val73 will
form a central hydrophobic core in the dimer interface,
connecting ligand-binding pockets (Figure 7A). The re-
maining residues, Tyr72 and Val74, are also positioned
close to this core on the opposite side of b strand 4.
Effects of interactions, increases or decreases in the as-
sembly state of FFRPs, are more difficult to predict, since
they also depend on the basic stability of the assemblies
under particular conditions. Nevertheless, there seems
to be a pattern. FL4 and FL11 have small residues, Ala
and Gly, respectively, at position 61 (Figure 2B). Interac-
tions with large ligands, glutamic acid and lysine, respec-
tively, stabilize octamerization by FL4 and FL11. TvFL3
and LysM have Arg61. Interactions with lysine stabilize
the association of TvFL3 only to tetramers (T.K. et al.,
unpublished data) and weakens DNA binding by LysM
(Brinkman et al., 2002).
Preferences for types of hydrophobic residues differ
among FFRPs. For DM1 and TvDM, where Arg61 canStructure 15, 1325–13form salt bridges with Glu15 and Asp39, one of the ligands
that increases the association state of the proteins the
most is isoleucine, while phenylalanine is less effective
(Figure 2B). Phenylalanine and isoleucine increase, to sim-
ilar degrees, the association state of DM3, which has His
at position 61 (Figure 4I). Phenylalanine shows the highest
associating effects on FL5, which has Ala61. In NMB0572,
position 61 is occupied by a large residue, Leu, which,
however, does not interact with Arg15 or Asp39. Methio-
nine and leucine stabilize octamerization of this protein
(Ren et al., 2007).
Reanalysis of Crystal Structures of AsnC
and NMB0572
In the crystal structure of NMB0572 (Ren et al., 2007), at
six of the eight crystallographically independent ligand-
binding sites, the N terminus of the ligand methionine is
salt bridged to Asp39. At all sites, OA, and, at two sites,
OB accept hydrogen bonds from the Ser71 side chain
(Figure 8C). Position 69 is occupied by Ala, and its side
chain is unable to interact with OA or OB. In another com-
plex with leucine (Figure 8D), OA, at all sites, and OB, at five
sites, accept hydrogen bonds from the Ser71 side chain.
However, in order to avoid conflicts with the Cd2 atom in
the branched side chain of leucine, the Asp39 side chain
shifts away, thereby breaking the salt bridge to the ligand
N terminus at seven sites. This difference is consistent
with weaker stabilization of NMB0572 association by leu-
cine, reported by Ren et al. (2007).
The asparagine synthase C gene product (AsnC) acti-
vates biosynthesis of asparagine (Ko¨lling and Lother,
1985); thus, the observation that asparagine does not
affect the association state of E. coli AsnC (Thaw et al.,38, October 2007 ª2007 Elsevier Ltd All rights reserved 1335
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FFRP-Ligand Interaction2006) was unexpected. When E. coli AsnC was crystal-
lized in the presence of asparagine (Thaw et al., 2006),
this amino acid was found between dimers, but the side
chain of Ser, occupying position 39 instead of Asp
(AsnC1 in Figure 2A), did not contact the asparagine N ter-
minus (Figure 8A). The C terminus of asparagine accepted
a hydrogen bond from the side chain of Thr69, but not
from that of Thr71.
The amino acid sequences of AsnC from proteobacter
are classified into subgroups (Yokoyama and Suzuki,
2005). In AsnC from Vibrio parahaemolyticus and Vibrio
vulnificus, position 61 is occupied by Asn (AsnC2 in Fig-
ure 2A). We built a comparative model (Sali and Blundell,
1993) of Vibrio AsnC (Figure 8B), in which the side chains
of Asn39, Gln61, and the ligand asparagine formed a net-
work of hydrogen bonds between NH2 of donors and CO
of acceptors. Asn39 was able to simultaneously accept
another hydrogen bond from the main chain NH3
+ of the
ligand, while Thr69 and Thr71 donated hydrogen bonds
to the ligand COO. Interactions of AsnC with asparagine
might be maintained in some organisms, such as Vibrio.
The code described in this paper is able to predict or ex-
plain interactions of FFRPs with ligands in both archaea
and eubacteria. It is believed that the last common ances-
tor of organisms first differentiated to archaea and eubac-
teria, with eukaryotes evolving later (Woese et al., 1990).
Thus, the origin of this code may well be traced back to
the prototype transcription regulation once achieved in
the common ancestor of all extant organisms.
EXPERIMENTAL PROCEDURES
Protein Purification and Crystallization
Gene dm1 was cloned into the pET3a vector and introduced into the
E. coli strain BL21(DE3). To cells growing at 37C in Terrific broth at
an OD600 of 0.6–0.8, IPTG was added to a final concentration of 2
mM, and the culture was continued for 4 additional hr. DM1 was puri-
fied, after a cell extract was incubated for 1 hr at 75C, from the fraction
soluble at 40% saturated ammonium sulfate and precipitated at 80%,
by anion-exchange chromatography by using Q-sepharose (Pharma-
cia) and a linear, 0–2 M, gradient of NaCl in 30 mM Tris-HCl buffer
(pH 7.0), followed by gel filtration by using Sephacryl S-300 (GE
Healthcare) equilibrated with the same buffer containing 200 mM
NaCl. After adding ammonium sulfate to 1.6 M, the protein solution
was subjected to hydrophobic chromatography with butyl-Toyopearl
650M (TOSOH). While decreasing the concentration of ammonium
sulfate in 30 mM Tris-HCl buffer (pH 7.0), fraction A was obtained at
750 mM, and fraction D was obtained at 300 mM.
Fraction A containing 20 mg/ml DM1 in 10 mM Tris-HCl buffer
(pH 7.0) was mixed with the same volume of 100 mM citrate buffer
(pH 4.0) containing 1.0 M LiCl and 10(w/v)% PEG6000. By vapor diffu-
sion with the sitting-drop method, crystals of 0.2 mm were obtained
at 5C in 1 week. Derivatives were made by soaking the original crys-
tals in the crystallization buffer containing 10 mM K2[Pt(CN)6], 0.1 mM
K[AuCl4], or 1 mM selenomethionine for 2 days at 5C. Diffraction
patterns from the original form and from the derivatives were recorded
at room temperature, by using an area detector (Rigaku, R-AXIS IV)
and a rotating anode X-ray generator (Rigaku, UltraX 18). Another set
of diffractions from the original form was recorded by using a synchro-
tron X-ray (0.834 A˚) source (SPring8, Hyogo-ken Beam Line BL24XU,
Harima) and an area detector (Rigaku, R-AXIS IV). Crystals immersed
into 100 mM citrate buffer (pH 4.0) containing 20(w/v)% glycerol,
14(w/v)% PEG6000, and 1.0M LiCl were flash frozen with liquid nitro-1336 Structure 15, 1325–1338, October 2007 ª2007 Elsevier Ltdgen and were kept at 173C during the measurements. Anomalous
scattering from the selenomethionine derivative was recorded by us-
ing another synchrotron X-ray source (Photon Factory BL18, Tsukuba).
The wavelength 0.97925 A˚ was chosen by monitoring fluorescence
emitted from the derivative.
FL11 was purified as described (Koike et al., 2004). Gene dm3 in the
original form and gene fl4 with a His tag added upstream were intro-
duced into the E. coli strain BL21(DE3), by using pET28a (fl4) and
pET21d (dm3). To cells growing in Luria broth, IPTG was added as de-
scribed above. After incubating a cell extract at 80C for 30 min, FL4
was applied to Ni-NTA agarose (QIAGEN) and eluted with 250 mM im-
idazole. After the His tag was removed by using thrombin, the protein,
passed through Ni-NTA agarose in the presence of 10 mM imidazole,
was purified by gel filtration with Sephacryl S-100. Three peaks were
observed, reflecting different assembly states. The smallest assembly,
i.e., the dimer, was used in this study. After incubating a cell extract for
30 min at 90C, DM3 was purified by anion-exchange chromatography
with Q-sepharose and a linear gradient of KCl, followed by gel filtration
with Sephacryl S-300.
Structure Determination
Conventional sets of diffractions were processed by using the CCP4
package (CCP4, 1994). The space group was identified as P3221 or
P3121. Two gold and three platinum atoms were identified in the asym-
metric unit by using difference Patterson maps and the MLPHARE pro-
gram in CCP4. The overall figure of merit was 0.43 at a resolution of
3.0 A˚. Phases were improved by the solvent-flattening and histo-
gram-matching methods by using the DM program in CCP4. Right-
handed a helices were traced by assuming the space group P3221
and the presence of four monomers in the asymmetric unit. Four iden-
tical polypeptides composed of 72 alanine residues were modeled by
using the O program (Jones et al., 1991) and were refined with the
X-PLORE program (Bru¨nger, 1992), thereby improving the match
with ideal bond lengths and angles (Engh and Huber, 1991) and with
the diffraction data to an R factor of 39.1%.
The Ala model was refined by using the CNS program (Bru¨nger et al.,
1998), covering a range down to 2.0 A˚. Phases were improved by using
the wARP program (Perrakis et al., 1997), and side chains were dif-
ferentiated to 20 types. At a resolution of 1.95 A˚, the conformations
of the four polypeptides were differentiated. To densities of 3s or
higher in difference Fourier maps, water molecules were fitted itera-
tively by using the Xfit program (McRee, 1999). Two isoleucine mole-
cules were modeled (Figures 3A and 3F) by fitting alanine molecules
to extra densities in the 2Fo  Fc map, and by extending their side
chains to those of valine and then isoleucine.
In order to model the selenomethionine complex, water molecules
were removed from the isoleucine model. After adjusting the relative
geometry of the four polypeptides by analyzing anomalous scattering
with CNS, water molecules were added back. Using anomalous scat-
tering, two densities were identified as those of Se. Starting with the
two positions, selenomethionine molecules were modeled by filling
electron densities by using O. By further refining f0 to 5.062 and f0 0
to 4.54265 by using CNS, the R factor was improved by 0.02%.
The final model of the isoleucine complex was made at a resolution
of 1.95 A˚ with an R factor of 18.9% and an Rfree of 21.6%; this model
included all of the residues of DM1 in 4 polypetides, 2 isoleucine mol-
ecules, and 199 water molecules per asymmetric unit (PDB code:
2Z4P). The final model of the selenomethionine complex was made
at a resolution of 2.5 A˚ with an R factor of 19.0% and an Rfree factor
of 22.9%; this model included all of the residues of DM1 in 4 polypeti-
des, 2 selenomethionine molecules, and 283 water molecules per
asymmetric unit (PDB code: 2E1A).
Footprinting Experiments
The fl11 promoter, covering positions 108 to +131 of pot0434017,
and the lysine-synthesis promoter, covering positions 218 to +83
of pot0273854, were amplified by using polymerase chain reaction
(PCR) (Saiki et al., 1988) with the genomic DNA as the template andAll rights reserved
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FFRP-Ligand Interactionwere cloned into the BamHI/XbaI site of the pUC18 plasmid. Using
these plasmids as templates, a fluorescent dye, carboxylfluorescein
phosphoramidite (FAM), was incorporated into the 50 termini of the
noncoding strands by PCR with a DNA polymerase (TaKaRa, ExTaq).
After electrophoresis with polyacrylamide gels, DNA fragments were
eluted into 500 mM ammonium acetate containing 10 mM MgCl2,
1 mM EDTA, and 0.1(w/v)% SDS. After phenol extraction of contami-
nating proteins, the DNA fragments were precipitated with ethanol and
dissolved into 1 mM Tris-HCl buffer (pH 7.5) containing 0.1 mM EDTA.
Each DNA fragment, 8 pmol, was mixed with 96 or 384 pmol FL11 in
200 ml 20 mM Tris-HCl buffer (pH 8.0) containing 20 mM KCl, 5 mM
NaCl, and 2.5 mM CaCl2 and was incubated for 30 min at 37
C.
When necessary, 480 pmol DM1 from fraction D was added. After add-
ing micrococcal DNase (TaKaRa, 2910A), 1.56 3 103 U in 4 ml water,
the solution was incubated for 50 min at 37C. The reaction was termi-
nated by adding 50 ml 1.5 M sodium acetate buffer (pH 5.2) containing
20 mM EDTA and 0.1 mg/ml tRNA. After adding 750 ml ethanol, the
DNA precipitated was rinsed with 750 ml 70% ethanol and dissolved
into 5 ml 50 mM Tris-borate buffer (pH 8.3) containing 80% formamide,
1 mM EDTA, and 8 mg/ml blue dextran. The solution, 2 ml, was applied
to gel electrophoresis by using a sequencer (ABI, PRISM 377).
Measurements of Multiangle Light Scattering
Size-exclusion HPLC was carried out, by using a system (Shimadzu,
PROMINENCE), by injecting FFRPs, 0.45–7.67 nmol in 20 ml, onto
PROTEIN KW802.5 or Asahipak GS-520HQ (Showa Denko), equili-
brated with a 50 mM buffer, Tris-HCl (pH 7.0 or 7.5), potassium phos-
phate (pH 6.8), or sodium phosphate (pH 8.0), containing 200–750 mM
NaCl or KCl and 0 or 10 mM MgCl2, at 25
C at a flow rate of 0.5 ml/min.
The protein solution was then directly flowed into a detector (Wyatt
Technology, miniDAWN Tristar), and light-scattering intensities were
measured at angles of 45, 90, and 135. MWs of assemblies were
determined by Debye plots (Chu, 1974), using programs supplied with
the detector. The protein concentration was measured by using a
refractometer (Wyatt Technology, Optilab DSP).
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